The Pennsylvania State Univer sity
DE-FGO07-98I D13637
(DOE-NEER Project)

Report for Phase 2
Study of Second Phase Particlesand Fe content in Zr Alloys Using the Advanced
Photon Source at Argonne

P.l.: Arthur T. Motta, The Pennsylvania State University

Report Period: August 16, 1999 to August 15, 2000

Overall Project Goal — Theam of this project isto investigete the Sate of dloying
elements and second phase particlesin Zr dloys using synchrotron radiation from the
Advanced Photon Source (APS) at Argonne Nationa Laboratory. Severd zirconium
aloys have been investigated with the am of determining both the volume fraction and
crysta dructure of minute amounts of second phase precipitate particles using x-ray
diffraction and the dloying contert in the zirconium matrix usng nbeam x-ray
fluorescence.

The objectives for phase 2 in last year's report, are listed below:

1. To obtain reliable values for the Fe concentration in the hcp-Zr matrix of non-
irradiated Zr alloys using the microbeam facilities at APS; the alloys to be studied
include ultra purity Zr, Zircaloy-2, Zircaloy 4 and ZIRLO. We will study the influence of
heat treatment on Fe content in the matrix as well asthe Fe spatial distribution.

2. To demonstrate our ability to detect and identify the various second phase precipitates
in Zircaloys and ZIRLO, also as a function of heat treatment.

Both of these objectives have been accomplished and surpassed. For objective number 1,
not only these dloys but others were studied, using the microfluorescence beams at the 2-
IDE beamline at Argonne. We have aso performed Monte Carlo smulations of the
fluorescence process and can therefore reproduce and predict the fluorescence spectrawe
measure. For objective number 2, we have studied both Zircaoy-2 and Zircdoy-4 and
ZIRLO, in various gtates of heet treatment, from as-quenched to highly annedled. We
have not only verified that the precipitates can be detected and identified but aso verified
that one can observe the kinetics of precipitate nucleation and growth using synchrotron
radiation. We are now performing Rietveld andyss of the data to quantify the

precipitates volume fraction. Two conference papers and one journa submission have so
far resulted, as well as acompleted M.Sc. thesis.



1. Introduction

During this funding period, we achieved severa godls, in both areas of the project. We
have conducted severd runsin the diffraction line a APS to obtain data that will alow us
to evauate the volume fraction of second-phase precipitates in zirconium dloysasa
function of heat trestment. To our knowledge these observations represented the first
time that such minute amounts of second phase particles were detected using a bulk
diffraction technique. They are the subject of one conference publication and a recent
journd submission [1, 2]. We have dso sarted to perform quantitative analysis of the
diffraction spectra using the Rietveld method [3]. When this analyssis achieved, we will
have amethod to quantitatively andyze the amount of second phase particlesin
zirconium aloys, as afunction of processing route and irrediation conditions. Thiswill
alow much more detailed modding and prediction of dloy behavior.

We have dso conducted detailed examinations of the matrix of severd dloysand
gandards in the micro-fluorescence line a APS, with the am of detecting the amount of
dloying dementsin the apha-matrix of zirconium adloys We have andyzed various
aloys and fabricated standards with a homogeneous distribution of dloying dements,
with results that fit well with existing knowledge. We have aso conducted preiminary
examinations using microbeam fluorescence in dloys with a heterogeneous ditribution
of dloying dements (second phase intermetallic precipitates in a zirconium matrix) and
found results that are dso in agreement with our analysis. The initid anayses have been
the subject of one conference presentation [4]. A run that is planned for August in the
highest resolution microbeam line will adlow us to determine the dloying content in the
matrix of zirconium dloys. To andyze these resullts we have been performing Monte
Carlo smulations of the fluorescence process [5, 6] to andyze our initid resultsand to
predict the outcome of the high-resol ution experiment to be conducted in August.

The detailed report from the two areas follows, aswell asa small section on the status of
the neutron-irradiated samples. The research project is going very well, producing new
information and reveding the potentid of a new technique to andyze the microstructure
of zirconium dloys.

2. Bulk diffraction studies(sudents. Ken Erwin and Olivier Delaire, Collaborators.
Y.Chu, D.Mancini (SRI-CAT, ANL), R.Birtcher (MSD-ANL))

We have performed severd examinations of zirconium aloys and especidly prepared
gandardsin the 2BM (bending magnet line a the SRI-CAT at Argonne in the current
funding period. These examinations, aided by complementary experimentsin the TEM
and by computer analysis of the diffraction patterns using GSAS, have demondirated that
this technique can provide a measure of the precipitate volume fraction in these dloys,
and that precipitation of second phases can be detected at very smdl vaues of the
annealing parameter (CAP) and followed quantitatively as afunction of heet trestment.



Thiswork forms the basis of the recently completed M.Sc. thesis by K.T.Erwin [7], and
of arecently submitted article to Journa of Nuclear Materids and of others currently in
preparation.

During the funding period we performed three experimenta runs at APS, on 8/99, 2/00
and 5/00. The three experiments are summarized in table 1, with beam conditions,
samples examined and objectives. A significant fraction of our travel budget was spent on
those trips. The detalled results we obtained are summarized in the following sections.

2.1 Identification of precipitate crystal structures

Figure 1 shows the diffracted intengties as a function of two-theta angle for a two theta
scan of Zircaloy-4 sheet, annealed to CAP=10"2° h. The x-ray peak locations correspond
well with those reported for dpha-Zr and for the hexagona C14 Zr(Fe; 5Cro 5)2 Laves
phase (Joint Committee for Powder Diffraction File # 42-1289). These are the stable
second-phase intermetallic compound precipitates in Zircaloy-4.

It is noteworthy that these small amounts of precipitates can be detected in the bulk
materid. Chemica anaysis of the dloys sudied here (table 1) shows that the Cr+Fe
concentration is 0.35% in Zircaoy-4. We can caculate an upper bound of the total
precipitate volume fraction of 0.46%. If the aloying e ements are not completely
precipitated, this volume fraction would be lower. Thisrange of second phase volume
fractions are very difficult to detect in the bulk and to our knowledge, thisisthefirg time
that such small precipitate volume fractions have been detected by bulk diffraction.
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Figure 1. Two-theta X-ray diffraction pattern for Zircaloy-4 obtained with synchrotron
radiation a APS, and reported powder diffraction file intengity for Zr(Fe; sCro 5)2 (Joint
Committee for Powder Diffraction File # 42-1289) (asterisks indicate unindexed peaks).

2.2 Precipitation Kinetics

Figure 2 shows the result of x-ray diffraction scans anaogous to the above, but
performed on a series of Zircaoy-4 samples that were quenched and annealed to arange
of annedling parameters between 7.8 x 10! h (quenched state) and 10° h. The
intermetallic precipitates grow upon annedling heet trestment following quench from the
beta- phase, so that longer CAPs result in larger precipitate particles. These results
indicate that we can follow the second- phase precipitation kinetics usng x-ray

diffraction.
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Figure 2: Series of two-theta x-ray diffraction scans of Zircaoy-4 obtained on a series of
samples with increasing cumulative anneding parameter (CAP).



2.3 Quantification of precipitate volume fraction

We have sarted to quantify the precipitate volume fraction usng Rietveld andyss. The
basic principle behind the Rietveld method isto refine the least squares fitting of the
diffraction profile by sysematically varying the various parameters that affect x-ray
diffraction intengities. The computer adjusts physica parameters in the system and
attempts to minimize the difference between the refined theoretica pattern and the data
obtained. Currently, there are severa computer programs used to perform Rietveld
andyss. The program used in thisresearch, GSAS[3], ismaintained a Los Alamos
Nationd Laboratory and conssts of a set of programs for the processing and anaysis of
both single crystal and powder diffraction data obtained with x-rays or neutrons. We
attended aworkshop to learn the GSAS method in Washington (5/00) and have been
using the program to fit our data. We are currently working on improving the absolute fit
of the diffraction patterns obtained, so that a direct quantification of the precipitate
volume fraction can be derived from the data.

3. Microbeam Fluorescence Study of Precipitatesin Zircaloy (students O.Déeaire,
A.Yilamzbayhan, and K.T.Erwin; Collaborators: JMaser, B.La (SRI-CAT, ANL) and
R.C.Birtcher, (MSD-ANL))

Using the x-ray micro-focusng beam line a the APS devised by Yun et d.[8], we have
been studying the concentrations of dloying dements such as Fein the matrix of
zirconium aloys. The gpparatus creates a micro-beam with a diameter as smal as 0.1 nm
in diameter. Thisisaunique cgpability of this beam line, which dlows us to obtain

detailed structurd information with very high spatid resolution.

3.1 X-ray Fluorescence Sudy of alloying element content in zirconium alloys.

The dloying dement content present in the a -Zr matrix of Zr dloys, especidly the
concentration of trangtion dements Fe, Cr, Ni iscrucid to determining the dloy

corroson behavior. However, the levels of these dements are so low that they cannot be
measured by traditional measurement techniques such as EDX on the TEM. There are
chemical and spectroscopic techniques that can measure very low levels of dloying
elements, in the bulk, but these are not suited to determining the aloying eement content
in specific regions in the microstructure. The unique combination of spatia and

elementd resolution needed to measure to study the dloying dementsin the hcp matrix

of Zr adloys can be achieved at the microbeam lineat APS. The objective of thisresearch
program is to use the microbeam line a APS to measure the concentrations of aloying
dementsin the Zr dloy matrix usng x-ray fluorescence. The intent isto study these
quantities as afunction of dloy type, irradiation conditions. The information thus
obtained will alow more precise and mechanigtic predictions of dloy behavior,

especidly in conditions of high fud burnup.



In the runs conducted during this funding period, we examined a series of TEM samples
of Zircadoy 4 Zircdoy 2 and ZIRLO, both in the as-fabricated state (which produces the
precipitates and low aloying eement content in the matrix) and in the quenched Sate
(which produces a homogeneous aloying dement didtribution equd to the overdl
dloying dement content in the materid).

Homogeneous (precipitatefree) alloys. We examined the difference between dloying
contents of quenched samples of the different dloys. In this case the beam size does not
meatter as much since the whole sample is homogeneous, and the values we obtained were
in excellent agreement with the nomind vaues for Zircaoy 4 and the measured values

for ZIRLO. We aso examined other tandards, including nomindly pure Zr, and ultra-
pure (Fe-free) Zr obtained from AECL, finding that the ratios of concentrations of those
gandards to the dloys were in good agreement with nomina vaues, and with

independent measurements of the concentration by hot vacuum extraction [9].

Heter ogeneous (preci pitate-containing) alloys: We have adso examined the as-fabricated
Zircaoy 4 and the measured aloying content in the matrix was found to be higher than
expected, likely asaresult of our inability to reduce beam sze in the 2ID-E beam line
(0.3 x 0.5 mm beam). This should improve once we use the higher resolution 2ID-D
beamline (0.1 x 0.2 mm beam). The measurements of the matrix contents in nor
homogeneous aloys involves the pogtioning of the beam "in-between" precipitates to
obtain atrue matrix sampling count (i.e. a fluorescence spectrum counted for long time,
and with the beam located on the matrix). Thisinvolves agreat ded of postioning the
beam using 2D-scans, to find the region in-between precipitates. It aso involves detailed
geometrical corrections to keep the beam within the depth of focus, so that the beam size
is kept close to the values obtained during aignment.

A far amount of anaysiswill be required to derive actua concentration numbers from

the data, but we bdieve we have dl that is needed to do so. Preliminary evaluations of
the data appear to make sense from what we know of the dloys. We aso found that the
background was quite low, (on the order of 10 counts), which should dlow usto perform
agood quantitative andys's. During the course of the experiment we uncovered many
potentid scientific issues that will have to be andyzed and accounted for in the
cdculations The main issueis the resolution of the beam, and we expect that in the next
experiment in the higher resolution beamline (21D-D) we will be able to measure the
metrix content of the aloys with accuracy.

3.2. Monte Carlo Smulation of Fluorescence Spectra

During the last funding period, we have used the computer program MSIMSD [5, 6] to
predict and analyze fluorescence spectra obtained at the synchrotron facility; students
have worked extensively on the program and can now useit to help set up and andyze
fluorescence experiments. An example of one of these smulaionsis shown in Figure 3
in which the total number of counts obtained from a fluorescence acquisition from the
matrix of Zircaoy-4 is plotted againgt photon energy. The program fits extremey well



the fluorescence peaks across the energy range examined, including the Fe and Cr K4
peaks, aswell asthe Sn and Zr L pesks. This demondtrates that we can analyze and
predict the data obtained with synchrotron radiation at APS.
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Figure 3: Fluorescence spectrum acquired in the 2-1D-E line at the Advanced Photon
Source. Also shown are thefits calculated by the Monte Carlo smulation program.

4. Neutron Irradiated Zircaloy-4 Samples

We have been in contact with Bettis Laboratory to obtain neutron-irrediated Zircaoy
TEM samplesto perform studies smilar to those in parts 2 and 3 above. A proposal was
sent to Bettis, to Sore and study the samples at Argonne, and we are currently awaiting
the find details to be arranged for the contract to bein place so that the shipment of the
samples can be arranged. The sat of samples to be examined include non-irradiated, low
medium and high fluence samples. We will examine these as soon as they can be shipped
to Argonne, and prepared for examination.
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